Galaxy Disruption as the Origin of Intracluster Light in the Coma Cluster

Michael D. Gregg' & Michael J. West?

Although the existence of a faint background of starlight in the core of the Coma cluster
has been well established!?, its origin is uncertain. This vast sea of stars could have formed
outside the galaxies, using gas left over from the time of the cluster’s birth. Alternatively,
it might be the accumulated debris generated by interactions between the galaxies over the
lifetime of the cluster®. Here we report the discovery of three large, low surface brightness
features in the Coma cluster; the most spectacular is a plume-like structure, 130 kpc long,
in the cluster’s heart. These structures will disperse over the next one to two billion
years, thereby enhancing the general background light. If this epoch is typical, we argue
that a significant fraction — perhaps even most — of the intracluster light results from
a steady accumulation of tidal debris generated during galaxy-galaxy and galaxy-cluster
interactions.
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We have been using the Kitt Peak Burrell
Schmidt? 0.6 metre telescope to conduct a multi-
colour survey of the Coma cluster and its envi-
rons over a 3° x3° area. The CCD on the Schmidt
has 2" pixels and a field of view of 1.1°. In March
of 1996, we took a series of images centred mid-
way between NG(C4874 and 4889, the supergiant
elliptical galaxies which dominate the centre of
the Coma cluster.

Inspection of the final R-band image (Fig. 1)
reveals the presence of three large, low surface
brightness (LSB) features. Their locations and
approximate sizes are indicated by the heavy
solid lines labeled ’1’; ’2’, and ’3’ in Fig. 1. All
of these objects can be seen in the B, V, and
I frames as well, confirming their reality. All
are much larger and more prominent than the
recently reported slim arc of tidal debris in the
Coma cluster? (no. 4 in Fig. 1). Given the myriad
images of the Coma cluster that have been ob-
tained over the years, it is surprising that these
features have escaped notice until now. There are
at least two instances in the literature of images
that show one or more of them clearly®®, but
without any comment by the authors. To iso-
late the low surface brightness (LSB) features,
we digitally ‘cleaned’ portions of the images to
remove superposed galaxies and stars by interpo-
lation with background replacement (Fig. 2 and
3).

LSB object no. 1 The most striking of the
features is a plume-like structure adjacent to
NGC4874 (Figs 1 and 2). It extends for at
least 4.5" and varies from 30" to 60" in width; it
may well extend even farther to the west, past
the large elliptical galaxy NGC4864. Adopt-
ing a distance of 100 Mpc to Coma, the plume
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is ~ 130 kpc in length and varies from 15 to
30 kpc wide. The integrated apparent magni-
tude is R = 15.6 + 0.1, though it may contain
more material outside our adopted borders. The
mean R-band surface brightness is up = 25.7
mag/arcsec?. The colours of the plume are con-
sistent with those of normal elliptical galaxies of
intermediate brightness, although the photomet-
ric uncertainties and the removal of superposed
objects leave open the possibility of significant
star formation in the LSB material.

LSB object no. 2 This feature is a pool of dif-
fuse light adjacent to a group of galaxies includ-
ing IC3957, IC3959, and IC3963 (upper panel of
Fig. 3.) It is located near one end of a broader,
extended swath of even lower surface brightness
cluster background light®, linking it to NGC4874.
This association makes it likely that the feature
is within the Coma cluster core. The pool of ma-
terial has a roughly circular distribution, ~ 80"
in diameter (~ 40 kpc). Its colours and surface
brightness are similar to those of the plume, with
a total integrated magnitude 0.6 fainter.

LSB object no. 3 The third LSB feature is
quite chaotic in appearance (lower panel, Fig. 3).
The lowest surface brightness portions of this ob-
ject form a bridge to the outskirts of the Coma
member galaxy NGC4911, where there is ad-
ditional low surface brightness material (inset,
Fig. 3); the association places the feature in the
Coma cluster. Several small knots are visible in
the highest surface brightness portion, suggestive
of star formation; however, its colours are not
particularly blue as would be expected in that
case. Its overall photometric properties are sim-
ilar to the other LSB features.

LSB object no. 4 has already been described
in detail by Trentham & Mobasher? as a “gi-
ant low surface brightness arc of length ~ 80
kpc.” From our low resolution Schmidt images,
we cannot confidently recognize this feature as
a tidal arc rather than a curious alignment of
faint galaxies, nor can we analyse it in any de-
tail. Tts total length is 180" with a mean B sur-



face brightness of < 26.5 mag arcsec™2 (ref. 4);
in our R-band image, its average width is ~ 5”.
Assuming typical galaxy colours, we estimate the
integrated R magnitude as about 18, roughly
5-10 times fainter than the other LSB features
reported here, with a comparable mean surface
brightness.

The LSB features all appear to be non-equili-
brium configurations of stars deep within the
gravitational potential well of the Coma clus-
ter. We believe that they are best interpreted
as transient features produced either by galaxy-
galaxy interactions or by stripping of galaxies by
the global cluster tidal field. Coma’s large ~
1,000 km s~! velocity dispersion would seem to
preclude strong galaxy-galaxy interactions since
the energy transferred between systems is roughly
proportional to the time spent in close proximity;
typical high-speed encounters between galaxies
will not produce significant disturbances’. Yet
the presence of these LSB objects shows that
Coma’s galaxy population is undergoing vigor-
ous dynamical evolution. There is now ample ev-
idence from both optical and X-ray observations
that the Coma cluster is a dynamically young
system with several components in the throes of
merging?® 12, The chaotic nature of subclus-
ter mergers and the relatively low internal ve-
locity dispersions of constituent subgroups, such
as the recently identified “galaxy aggregates” in
Coma!3, provide opportunities for lower speed
encounters, producing both galaxy-galaxy and
galaxy-cluster tidal interactions.

Linear features such as the plume are routinely
produced in numerical simulations of galaxy tidal
interactions!41® although the plume’s origin is
hard to pinpoint from our data. It may be the
result of interaction between the two elliptical-
like nuclei embedded near its centre, though their
large velocity difference (> 1,100 km s—1)'¢
makes it unlikely that they could have generated
such a long tidal feature while remaining appar-
ently close together'®. Tides acting in the outer
regions of NGC4864 (the large elliptical galaxy

located near the plume’s western end) could also
produce the plume. Another possibility, perhaps
less likely, is that the plume is the remains of a
galaxy being completely disrupted by the global
tidal field as it plunges into the cluster core, not
unlike the dive into Jupiter of comet Shoemaker-
Levy.

The amorphous structures of the LSB features
2-4 are not typical of what is seen in simulations,
or examples on the sky, of tidal debris; neverthe-
less, tidal interaction is a natural explanation.
LSB object no. 2 may be the product of strong
tidal interaction within the subgroup containing
IC3959 and IC3963; their velocity difference is
only 240 km s~! (ref. 16). NGC4911 and LSB
object no. 3 lie within a ~ 1 Mpc-long ridge
of heightened X-ray emission (see Fig. 1) which
may have been produced by tidal disruption of a
galaxy group on its recent passage through the
cluster core!!. This suggests that the LSB ob-
ject no. 3 may have originated during the same
dynamical interaction that has brightened the X-
ray emission. It could be the remains of a galaxy
that has completely disrupted or it may be ma-
terial that has been stripped from the outskirts
of NGC4911. The Trentham & Mobasher ob-
ject is less clearly associated with cluster mem-
ber galaxies, but it too is best explained by tidal
processes®.

With four examples of rather severe tidal in-
teractions, one should expect many more less
spectacular encounters to be taking place. The
coarse resolution Schmidt images, however, may
be incapable of revealing them as such; LSB fea-
ture no. 4 is detected, but its nature is not ap-
parent. Our data suggest that there are many
weaker tidal interactions and galaxy disturbances
taking place in Coma, but finer images which
reach at least as deep will be necessary to anal-
yse them. If evidence for weaker interactions is
found, it will help account for the dearth of low
density dwarf galaxies in Coma’s core!”, as such
galaxies are most susceptible to tidal disruption
by the cluster’s strong gravitational field, and



also the anti-correlation between the luminosity
of the brightest galaxy in a cluster and the size
of the dwarf galaxy population.!8.

The LSB features will gradually disperse, ei-
ther blending into the existing background of
diffuse intracluster material or accreting onto
the giant galaxies NGC4889 and NGC4874 at
the bottom of Coma’s gravitational potential
well. All four tidal features are located within
~ 0.5 Mpc of the cluster center and should dis-
sipate in no more than a few cluster crossing
times, about 1 to 2 billion years. If this ma-
terial contains quickly evolving massive stars or
even ongoing star formation, the use of bright-
est cluster galaxies as standard candles is fur-
ther complicated.!®2% The very highest velocity
material will contribute to the population of in-
tergalactic stars and perhaps intergalactic globu-
lar clusters as well; evidence of such components
may have been detected?1:22:23:24 in other clus-
ters. If we are viewing Coma at a typical mo-
ment in its history, then the presence of at least
four large transient star piles indicates that a
substantial amount of material could have been
liberated from galaxies over the cluster’s lifetime;
every ~ 1 Gyr, the equivalent of a galaxy of R-
band absolute magnitude Mp ~ —19 is being
disrupted and accreted by the cluster core. Inte-
grated over the 10 to 20 billion year history of the
Universe, the amount of stellar material added to
the pool of intracluster light would be equivalent
to an object with Mp ~ —22. This is about
20% of the total luminosity of either NGC4874
or NG(C4889, and the interaction rate was almost
certainly higher in the past. A significant portion
of the mass of the central galaxies may consist of
material accreted from tidally dismantled galax-
ies as the cluster dynamically evolves'820, The
LSB objects now in Coma provide a vivid ’snap-
shot’ of this process in action.
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Fig. 1.— R-band image of the Coma cluster core showing the locations and approximate sizes of the
low surface brightness features (heavy solid circles labeled 1-4) discussed here. The image is 37" x 33/;
north is up, east to the left. Observing conditions were photometric with good seeing, and there was no
Moon. The R-band integration totals 75 min.; the B, V, and I band images total 30-45 min. The images
were reduced using standard procedures and combined using image masks to remove cosmetic defects on
the CCD. Flatfielding using twilight images resulted in peak-to-peak sky flatness of ~ 2% in all colours.
The thin solid line is one X-ray contour from ROSAT observations!! showing the extended ridge which
includes LSB object no. 3.



Fig. 2.— The plume feature before (top)
and after (bottom) removing foreground objects.
North is up, east is to the left. The sloping back-
ground from the giant elliptical NGC4874 was fit
and removed and the remaining counts from the
plume summed to determine a total brightness.
The plume is roughly 4!5 x 1’ in extent, with
an integrated R-band magnitude Mg = 15.6 and
mean R-band surface brightness of ~ 26.3 mag
arcsec 2. Adopting a distance of 100 Mpc for the
Coma cluster (equivalent to assuming Hox 70
kms~! Mpc~!), the plume is roughly 130 by 20
kiloparsecs in extent, with an integrated abso-
lute R-band magnitude of -19.4. To estimate
the colours, we restricted attention to an area
of 80" x 40" where the surface brightness is high-
est, near the eastern end. The removal of em-
bedded features was done in a consistent way
in all colours. These inclusions may in fact be
part of the tidally disrupted material, but it is
impossible to determine this with certainty from
the low resolution Schmidt images; our conser-
vative approach was to measure only the smooth
underlying light belonging to the plume. While
the background can be determined to better than
1%, this contributes an uncertainty of 0.1 to 0.2
magnitudes (10 to 20%) in the colours because of
the faintness of the feature. The plume’s colours
are B-V=0.93, V-R = 0.57, and V-I =1.17, con-
sistent with those of a normal elliptical galaxy.
For comparison, the normal elliptical NGC3377%
has B-V = 0.92, V-R = 0.58, V-I = 1.20 and an
absolute R magnitude?® of -20.8. These colours
indicate little if any recent star formation associ-
ated with the tidal event. This constraint is not
strong, however, because the colours have been
determined from a restricted area of the feature
and the removed, apparent foreground, objects
may be star formation activity in the plume.



Fig. 3.— LSB Objects no. 2 (upper) and no. 3 af-
ter removing foreground stars and galaxies. Each
image is 400" square. The colours and absolute
magnitude of no. 2 are B-V=0.90, V-R=0.43, V-
I=1.06, Mp=-18.8 and no. 3 are B-V=0.93, V-
R=0.59, V-I=0.89, Mp=-18.3. Like the plume
feature, these are similar to a normal elliptical
galaxy and indicate little if any recent star for-
mation, though here too, the removed foreground
objects may in fact be part of the tidal mate-
rial. The bright object immediately to the north-
west of feature no. 2 is a Galactic star. The two
objects immediately south of it are 1C3959 and
1C3963; their low velocity difference of 240 km
s~ ! may allow the strong tidal interaction which
gives rise to the LSB material. The bright object
to the northwest of feature no. 3 is NGC4911, a
face-on spiral. The inset in the lower right is a
lower contrast display of NGC4911 showing the
low surface brightness material encircling its disk
and linking it to LSB Object no. 3. NGC4911
has a close SO companion which is partly visible
in the inset as a protrusion from the lower right
of the disk. Their velocity difference is only 300
km/s, small enough to permit strong tidal inter-
actions.



